I. INTRODUCTION
In the field of sustainable green energy, dye-sensitized solar cells (DSSCs) have attracted much interest. Many advantages are provided by DSSCs: low cost, simplicity of preparation, and high conversion efficiency. 1 A typical DSSC includes a dye-sensitized photo-anode, a redox electrolyte, and a counter electrode (CE). The function of the CE is to catalyze the redox couple regeneration and collect electrons. 2, 3 Pt is suitable for use in CEs because of its high catalytic activity during the reduction of I À 3 . However, the noble metal Pt is rare and expensive. Therefore, reducing the consumption of Pt is an important consideration for the wide deployment of DSSCs.
Graphene has unique optical and electrical properties 4, 5 and has been employed in the CEs of DSSCs. For example, graphene has been used in DSSCs to provide electrochemically stable CEs with I À 3 /I À -based electrolyte 6 and CoðbpyÞ 3þ=2þ 3 -based electrolyte. 7 The enhanced performance of DSSCs with metal-graphene composite CEs has been demonstrated in previous studies. Examples of these composites include Ni 12 P 5 /graphene oxide 8 and Ni/graphene. 9 Bajpai et al. reported that the performance of DSSCs was enhanced by graphene-supported Pt nanoparticle CEs. 10 Therefore, graphene-incorporated CEs could be good candidates for reducing the consumption of Pt in DSSCs.
This study presents the effectiveness of grapheneincorporated CEs for DSSCs. The location and thickness of the graphene in CEs were studied to improve the energyconversion performance of DSSCs and reduce the amount of Pt used. Two locations of graphene are used in the examined CEs: (1) The interface between Pt and fluorine doped tin oxide (FTO) to provide better contact at the Pt/FTO junction and (2) the interface of the Pt/electrolyte to improve the electrocatalytic ability of the device. Fig. 1 shows these CEs with different sequences of graphene and Pt layers employed in this study: (1) Pt over graphene (Pt/graphene) and (2) graphene over Pt (graphene/Pt). Few-layer graphene (FLG) and multilayer graphene (MLG) were considered in this research. With Pt/FLG CEs, enhancements of 8% in the short-circuit current density (J sc ) and 12.5% in the power conversion efficiency (PCE) were achieved. The application of FLG at the interface between Pt and FTO reduced the contact resistance by 21%, which was derived by electrochemical impedance spectroscopy (EIS). The depth profile of Auger electron spectroscopy (AES) indicated the existence of a thin platinum-carbon composite between Pt and FTO. The thin Pt-C composite resulted in better contact between Pt and FTO, and the photocurrent was raised. The Pt/FLG CE can reduce the consumption of Pt by 75%. However, the graphene/Pt CEs did not improve the electrocatalytic ability and photovoltaic performance at all. 
II. EXPERIMENTAL
The graphene layers were grown by chemical vapor deposition (CVD). A 1 cm 2 Cu foil was placed in a quartz furnace and heated to 1050 C (for FLG) and 1000 C (for MLG) for 30 min., with a N 2 gas flow and an alkane source. Epitaxial graphene was transferred 11 on FTO glass. The number of layers was 1-2 for FLG or 10-12 for MLG, respectively, which were verified by transmission spectroscopy 12 (Hitachi 3300 UV-Vis spectrometer) and confocal Raman spectroscopy with a 633 nm He-Ne laser, as shown in Fig. 2 . A sputtered-Pt layer for electrocatalysis, electric contact, and light reflection was deposited over and under the transferred graphene for Pt/graphene and graphene/Pt CEs, respectively (Fig. 1) . A Pt/FTO CE was prepared as a reference.
For the fabrication of DSSCs, the photo-anodes were prepared with the following steps: (1) P25 TiO 2 paste was spin-coated on FTO glass with an area of 0.64 cm 2 and a thickness of 10 lm; (2) the P25 TiO 2 film was sintered at 400 C in air for 30 min to create porous structures; and (3) the porous P25 TiO 2 film was soaked in a 0.3 mM solution of ruthenium dye N719 in anhydrous ethanol for 14 h. Finally, the photo-anode and CE were assembled with a 60 lm spacer in a sandwich type, in which the electrolyte was filled. The electrolyte was prepared by 0.5 M KI and 0.05 M I 2 in propylene carbonate. The current density-voltage (J-V) characteristics of the DSSCs were recorded on a current-voltage source meter under the illumination of a xenon light source with an AM1.5G filter. The EIS of the DSSCs were examined in the frequency range of 1 Hz to 100 kHz by using a LCR meter (HIOKI 3522-50 LCR HiTESTER). The chemical composition of the Pt/graphene CE was analyzed by AES to study the properties of the junctions.
III. RESULTS AND DISCUSSION

A. DSSCs with Pt/graphene CEs
The J-V characteristic curves of DSSCs with Pt/graphene CEs and a reference DSSC with Pt CE are shown in Fig. 3 . The sputtered-Pt layers are 200 nm thick. The photovoltaic parameters from the J-V curves are summarized in Table I . The J sc and PCE of these devices are 16.0 mA/cm 2 and 5.6% (Pt), 17.3 mA/cm 2 and 6.3% (Pt/FLG), and 11.4 mA/cm 2 and 4.4% (Pt/MLG), respectively. The DSSC with Pt/FLG CE outperformed the reference device by 8% and 12.5% in J sc and PCE, respectively. The improvement in J sc was achieved by reducing the contact resistance of Pt/ FLG CEs, which is explained later with the result of EIS. Furthermore, these DSSCs had a similar open-circuit voltage (V oc ) and filling factor (FF), that is, 559 mV and 63% (Pt), 559 mV and 64% (Pt/FLG), and 579 mV and 67% (Pt/MLG), respectively. These results indicate that the Pt/graphene CEs have no influence on V oc and FF.
In general, DSSCs can be represented by an equivalent circuit, as shown in Fig. 4(a) . From the Nyquist plot of complex impedance of DSSCs, the series resistance (R s ) describes the bulk resistance, 9 including the resistances of electrodes, electrolyte, and contact. The radius of the semicircle in the high-frequency region (>100 Hz) is the charge-transfer resistance (R ct ), associated to electrocatalytic reactions of Pt and I À 3 .
3, 13 The radius of the semicircle in the mid-frequency region (10 to 100 Hz) is the recombination resistance (R rec ), related to the injected electron transport process at the interfaces of TiO 2 /electrolyte and TiO 2 /dye. 14, 15 The low-frequency region (<10 Hz) represents the Nernst diffusion process of I À and I À 3 within the spacer. 9, 16 The EIS of DSSCs with Pt/graphene CEs was taken under illumination to identify the electrochemical behaviors shown in Fig. 4(b) . The impedance spectra were simulated in the frequency region of 1 Hz to 100 kHz with the Z-view software by the equivalent circuit shown in Fig. 4(a) . The details of the simulated results are summarized in Table I . The signal in the low-frequency region (<1 Hz) was omitted because it represents the electrolyte diffusion process within the spacer, which was not altered in the study.
The R s in DSSCs with various CEs is 3.3 X (Pt), 2.7 X (Pt/FLG), and 5.3 X (Pt/MLG), respectively. The DSSC with a Pt/FLG CE had an R s lower than that of a reference DSSC. These measurements indicate that FLG changed the contact resistance of the Pt/FTO junction and further increased the photocurrent and efficiency. However, a Pt/MLG CE resulted in a worse R s . To verify that the contact resistance of the Pt/FTO junction was reduced by FLG, the contact resistance of the Pt/FLG/ITO and Pt/MLG/ITO was measured, as shown in the inset of Fig. 4 (c) (ITO stands for indium tin oxide, which is also employed as a CE substrate 17, 18 ). The junction area is approximately 9 mm 2 . The J-V curves of Pt/ FLG/ITO and Pt/MLG/ITO are shown in Fig. 4(c) , and that of Pt/ITO is also presented as a reference. All of these contacts exhibited the ohmic behavior shown in the J-V curves. Clearly, the Pt/FLG/ITO exhibits the lowest contact resistance, and the Pt/MLG/ITO exhibits a worse contact resistance than the reference of Pt/ITO, which is consistent with the results of EIS. The FLG reduced R s by lowering the contact resistance of the Pt-FTO junction. Accordingly, the J sc and PCE of DSSCs with Pt/FLG CE were improved. However, MLG did not have a similar effect on DSSCs.
The interfacial property of Pt/graphene was studied by AES depth analyses. The Pt/graphene was prepared on Si substrates to avoid charging effects during AES measurement. A uniform 25 mm 2 graphene film was transferred onto the Si substrate and was subjected to the deposition of a 50 nm layer of Pt by DC sputtering. The intensities of Auger electrons were recorded at the peaks of Pt MNN (1961 eV), C KLL (266 eV), and Si KLL (1616 eV). Fig. 5(a) shows that the reference Pt/Si had a sharp interface, and no C signal was detected. For Pt/FLG/Si, the distributions of Pt and Si were the same as that of Pt/Si [ Fig. 5(b) ]. In addition, the C peak was observed at the junction of Pt and Si, indicating the location of graphene. The graphene was suspected to have suffered from a defect-inducing process during the sputtering of Pt. The graphene was attacked by the plasma and Pt atoms and became reactive to form an interfacial Pt-C composite at the junction of Pt/Si. The thin interfacial Pt-C composite, because of FLG, was thought to reduce the contact resistance of the metal-semiconductor junction of Pt and FTO. From the AES depth profile of Pt/MLG/Si [ Fig. 5(c) ], the distributions of Pt and Si were similar to those of Pt/Si and Pt/FLG/ Si. A thin Pt-C composite was also formed at the Pt/MLG/Si junction, but a thicker C (actually several nanometers only) existed at the junction. However, the MLG is so thick that the whole graphene did not become a Pt-C composite. The perpendicular charge transportation of the residual graphene layer is poor, leading to a higher contact resistance at the junction of Pt/FTO and a lower photocurrent in the photovoltaic performance of Pt/MLG CE.
The charge-transfer resistance (R ct ) in DSSCs is 12 X for both Pt and Pt/FLG, and 18 X for Pt/MLG, respectively. The Pt/graphene CEs did not improve the electrocatalytic ability of DSSCs. This indicates that the increase in photocurrent with the Pt/FLG CE was not due to a faster chargetransfer process at the electrolyte/Pt interface. However, R rec is associated with the electron recombination rate in DSSCs and is 129 X (Pt), 131 X (Pt/FLG), and 132 X (Pt/MLG), respectively. This suggests that a similar charge recombination process occurred in DSSCs with Pt/graphene and Pt CEs, which accounts for the same V oc in photovoltaic performance.
The efficiency of Pt/FLG CEs provides an opportunity to reduce the consumption of Pt. Two additional CEs, with a lower loading of Pt (50 nm Pt and 50 nm Pt/FLG), were prepared to demonstrate the possibility. The J-V characteristic curves and the Nyquist plots of DSSCs with Pt (200 nm), Pt (50 nm), and Pt (50 nm)/FLG CEs are shown in Fig. 6 . The photovoltaic parameters from J-V measurement and resistances in the equivalent circuit from EIS are summarized in Table II . Compared with the DSSC with a Pt (200 nm) CE, the DSSC with Pt (50 nm) CE shows a lower J sc and higher R ct , which indicates that the decrease in J sc may be attributed to the thinner Pt. The thicker Pt (200 nm) provides a higher charge-transfer ability because its R ct is lower. The reason for the dependence of the charge-transfer ability on the Pt thickness is unclear. The DSSC with a Pt (50 nm)/FLG CE presents photovoltaic performance similar to that of DSSCs with Pt (200 nm) CE. Hence, the cost of a lower chargetransfer ability with thinner Pt (50 nm) was balanced out by the lower R s of Pt (50 nm)/FLG.
B. DSSCs with graphene/Pt CEs
Graphene has been reported to be good in electrocatalysis. 19 Therefore, graphene/Pt CEs might be able to improve the electrocatalytic reaction in DSSCs. The photovoltaic J-V characteristic curves of DSSCs with Pt (reference), FLG/Pt, and MLG/Pt CEs are shown in Fig. 7(a) . The sputtered-Pt layers are 200 nm thick. All photovoltaic parameters are summarized in Table III . The corresponding J sc and PCE of DSSCs with graphene/Pt CEs were observed to be 14.9 mA/ cm 2 and 3.8% (FLG/Pt), and 13 mA/cm 2 and 3.3% (MLG/ Pt), respectively. The DSSCs with graphene/Pt CEs had poor performance in J sc and PCE. Moreover, the V oc and FF of the DSSCs exhibited 519 mV and 50% with FLG/Pt CEs, and 519 mV and 48% with MLG/Pt CEs, respectively. The poor FF and V oc indicate that graphene/Pt CEs resulted in a higher charge recombination rate.
The resistances in the equivalent circuit of DSSCs with graphene/Pt CEs are derived from the Nyquist plot of complex impedance [shown in Fig. 7(b) ] and are summarized in Table III electrocatalytic ability of graphene/Pt CEs. Graphene/Pt CEs do not behave according to study expectations, which are that the electrocatalytic reaction would be improved by graphene at the interface of Pt and electrolyte. Furthermore, the EIS presented R rec of 119 X and 116 X with FLG/Pt CE and MLG/Pt CE, respectively. In the DSSCs with graphene/Pt CEs, the lower R rec indicated that more charge recombination occurred at the interface of TiO 2 /electrolyte. 15, 16 This study suggests that the lower electrocatalytic ability with graphene/Pt CEs causes an increase in the concentration of I À 3 in electrolyte and leads to an increase of the recombination rate at the interface of TiO 2 /electrolyte. Consequentially, both the worse R ct and R rec reflect the significantly low PCE of DSSCs with graphene/Pt CEs.
IV. CONCLUSION
This article reports that the photovoltaic performance of DSSCs improved with graphene-incorporated CEs, as the location and thickness of graphene were optimized. The DSSC with Pt/FLG CE was shown to provide 8% and 13% enhancement in J sc and PCE, respectively. The results from EIS indicate that the increase of J sc is attributed to the reduction of contact resistance of Pt-FTO, caused by the Pt-C composite. This approach can also be applied to junction modifications of metal-semiconductor interfaces, to reduce the contact loss. Based on this approach, the consumption of Pt can be reduced by 75%. This study also reports that the graphene/Pt CEs for DSSCs reduced the charge-transfer ability and lowered the photovoltaic performance. The parameters are from the reference device with a Pt CE in Table I. 
